Abstract: White organic light-emitting diodes (WOLEDs) with higher performance, which have enjoyed application in high-quality lighting sources, are here demonstrated with improved optical and electrical properties. The integration of a novel transparent distributed Bragg reflector (DBR), which consists of periodically alternating layers of atomic layer deposition-fabricated ZrO 2 /Zircone films and sputtered tin-doped indium oxide into OLEDs microcavities were studied to obtain four-peak electroluminescence (EL) spectra. Three types of OLEDs with two-peak, three-peak, and four-peak EL spectra have been developed. The results of the two-peak spectra show that the DBR structures have an outstanding effect on carrier capture; as a result, the device exhibits a stronger stability in color at various applied voltages. The Commission Internationale de L'Eclairage (CIE) coordinates of the two-peak device at 5-13 V shows few displacements and a negligible slight variation of (±0.01, ±0.01). In addition, the four-peak WOLED also yields a high color purity white emission as the luminance changes from 100 cd m −2 to 10,000 cd m −2 .
Introduction
Organic light-emitting diodes (OLEDs) have drawn considerable commercialization attention as an efficient next generation of full-color flat-panel displays, as well as a solid-state lighting technology, because they have good flexibility, a fast response time, wide viewing angle, and low operation voltage [1] [2] [3] [4] . Furthermore, white OLEDs (WOLEDs) owing to their superb properties, such as their high contrast, light weight, high resolution, and large-scale manufacturing capability, have gained much attention recently [5] [6] [7] . To date, the current efficiency (CE) of WOLEDs has been greatly improved. However, organic materials emit light with a very broad spectrum and width due to the vibration sidebands and the strongly uneven broadening of electronic transitions, significantly lowering the device color purity. From this viewpoint, the use of an optical microcavity can effectively solve the poor color purity associated with broad emission characteristics [8] [9] [10] . The microcavity architecture is incorporated into OLEDs, and meanwhile, the emission of the device is coupled to the cavity mode, which greatly improves the emission directionality and the intensity of light, leading to high color purity [11, 12] .
Planar microcavities consist of two mirrors that sandwich a kind of medium, of which the thickness is in the order of the wavelength. In OLED microcavities, the active layers of OLEDs are
Materials and Methods

Design of DBR for OLEDs
Zirconium oxide (ZrO 2 ) and zircone were used as the bottom dielectric mirror for the DBR structure.
In OLED devices, molybdenum oxide (MoO 3 ) and 1,4-bis[N-(1-naphthyl)-N0-phenylamino]-4,4 diamine (NPB) are employed as hole injection layers (HIL); 4,4 ,4"-tris-(N-carbazolyl)-triphenylamine (TCTA) is employed as a hole transport layer (HTL); lithium fluoride (LiF) is the electron injection layer (EIL); tris(8-hydroxyquinoline) aluminum (Alq 3 ) and 1,3,5-tris(2N-phenylbenzimidazolyl)benzene (TPBi) are electron transport layers (ETL). The emitting layer (EML) in Device A is composed of two emission components: TCTA doped with 10 wt% of fac-tris(2-phenylpyridine) iridium (Ir(ppy) 3 ) acts as a green-emitting material layer (EML), while 3 wt% 1-4-Di- [4- (N,N-diphenyl)amino]styryl-benzene (DSA-Ph)-doped 4,4 -bis(N-carbazolyl)biphenyl (CBP) acts as a blue EML. Figure 1 displays the schematic structure of the device with the DBR. In OLEDs, a metal cathode and dielectric mirror were formed together on the glass substrate, which defined the microcavity structure. The aluminum (Al) metal layer and six pairs of the ZrO 2 /zircone stack were used as cathode and DBR layers. A classical calculation was performed to estimate the dielectric mirror regarding its reflectivity through refractive indices. In Figure 1 , the numbers in parentheses after zircone (1.46) and ZrO 2 (2.1) are refractive indices. The light generated in OLEDs was emitted through the dielectric mirror as well as the glass substrate. The equation below helped to calculate the forward theoretic emission spectrum considering the classical optics [19] .
where λ denotes the wavelength of emission, x denotes the emitting layer's effective distance between the metal mirror, and indium-tin oxide (ITO) substrate, R m represents the reflectivity exhibited by the metal mirror, and R d represents the reflectivity exhibited by the dielectric mirror. L denotes the overall optical length exhibited by the microcavity OLED device. E n (λ) denotes the original spectrum. The below equation expresses L considering the classical optics [20] .
where n eff stands for the essential index of refraction, ∆n stands for the difference in the index of refraction between the two layers of the dielectric mirror, d i stands for the thickness, and n i stands for the index of refraction exhibited by the organic layers as well as ITO. Φ m refers to the change in phase at the metal mirror. The relationship mλ = 2L(λ) expresses the cavity mode, where m denotes the index of the mode, where the adjustment can be performed via changing the length of the cavity, i.e., L(λ).
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ALD ZrO 2 /Zircone DBR Structure
The DBR ZrO 2 /zircone films were deposited in the Beneq TFS-200 ALD reactor, which has been explained in another work [21] . Firstly, the sonication was conducted to clean the glass substrate, which was then put in detergent solution as well as deionized water in succession and then treated by UV ozone. Zircone films were manufactured via etrakis (dimethylamido) (TDMAZ) as well as ethylene glycol (EG) as the precursors at 100 • C. The ZrO2 film was deposited at 150 • C, taking H 2 O as well as TDMAZ as precursors. The experiment took nitrogen (N 2 , 99.999%) as the purging gas and the carrier. The ALD process was performed under a pressure of 600 mTorr. Zircone films underwent deposition with a TDMAZ pulse of 200 ms, an EG pulse of 100 ms, and a purge time of 15 s, and ALD ZrO 2 films underwent deposition with a TDMAZ pulse of 200 ms, an N 2 purge of 15 s, and an H 2 O flow of 250 ms with 20 s N 2 purging. Figure 2 displays the common reaction process between the metal alkyl and diol of ALD-fabricated film.
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DBR Based OLED Fabrication
The organic materials and Al cathode received traditional vacuum deposition under a basic pressure of less than 7 × 10 −6 Pa, thereby fabricating devices A, B, and C. The quartz crystal monitor helped to control the thickness of the film layer in situ. The three device structures are shown below. Six pairs of ZrO2/zircone films were deposited on the glass substrates with ALD, and then the ITO layer was sputtered. We set the ZrO2 and zircone layer thicknesses as equal to the quarter length of the optical exhibited by a central wavelength. ZrO2 and Zircone layers had thicknesses of 55.9 nm and 73.3 nm, 51.5 nm and 67.5 nm, and 55.9 nm and 73.3 nm for Devices A, B, and C, respectively. We cleaned the prepared substrate using detergent, deionized water, acetone, and isopropanol, respectively. After a 15-min treatment with UV-zone, the substrates were loaded into a specific chamber with high vacuum heat evaporation. The organic layers were deposited under a pressure lower than 7 × 10 −6 mbar. Shadow masks helped to successfully evaporate the patterned organic layer as well as the metal cathode layer. The deposition of the whole organic layers, MoOx, as well as the Al cathode, occurred without exposure to the air, by which OLEDs with active areas of 4(2 × 2) mm 2 were obtained. The deposition rates for organic materials MoOx and Al were 1.0 Å s −1 , 0.3 Å s −1 , and 5.0 Å s −1 , respectively.
Atomic force microscopy (AFM) (Nanonavi SPA-400SPM) helped to analyze the surface morphological images exhibited by DBR films. A spectrophotometer(U-3900H,Hitachi,Japan) 
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Atomic force microscopy (AFM) (Nanonavi SPA-400SPM) helped to analyze the surface morphological images exhibited by DBR films. A spectrophotometer(U-3900H, Hitachi, Japan) helped to measure the reflectance under normal conditions. The HI-TACHI F-4500 florescence spectrophotometer recorded the photoluminescence spectra. A Keithley 2400 source meter together with a PR650 luminance color meter helped to measure the current, voltage, and luminescence features.
The measurement of the spectra and luminance exhibited by each device was performed directly perpendicular to the substrate.
Results and Discussion
The J-V-L features of device A and device B are displayed in Figure 3a . The turn-on voltage (V on ) of device B (2.6 V) appeared to be lower than that of device A (2.8 V). This means that there is a best match in the energy level between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of every organic layer for device A. [22] Meanwhile, the current density as well as luminance of device B rose more sharply with the increase in voltage compared with device A. Device A exhibited the largest CE and PE, which were 29.4 cd A −1 and 21.5 lm W −1 , respectively. Besides, the CE and PE were 6.1 cd A −1 and 2.6 lm W −1 for device B.
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The J-V-L features of device A and device B are displayed in Figure 3a . The turn-on voltage (Von) of device B (2.6 V) appeared to be lower than that of device A (2.8 V). This means that there is a best match in the energy level between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of every organic layer for device A. [22] Meanwhile, the current density as well as luminance of device B rose more sharply with the increase in voltage compared with device A. Device A exhibited the largest CE and PE, which were 29.4 cd A −1 and 21.5 lm W −1 , respectively. Besides, the CE and PE were 6.1 cd A −1 and 2.6 lm W −1 for device B. We also fabricated multi-emissive layer WOLEDs (Device C), and Figure 4 6 eV) , it is more difficult to inject a hole in device C in comparison to device A and B. The weak hole injection is likely to cause both a high turn-on voltage and an imbalance between electron as well as hole carriers. [23] Simultaneously, the large number of multiple EMLs as well as the interlayer of the device C cause a stronger electric field, of which luminance is the same as that of other devices, which also leads to the lower efficiency of device C. In particular, these three devices all show a relatively low roll-off in CE with increasing luminance. The host materials, of which the triplet energy levels are higher compared with emitters, are used as the interlayers in different devices. These interlayers function as confining triplet excitons exhibited by dopants in emissive layers on the one hand and explore the recombined zone for electron and hole on the other hand. Therefore, the low efficiency roll-off characteristics of the devices are attributed to the introduction of interlayers [24] .
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The normalized EL spectra of device A and device B with the DBR microcavity are displayed in Figure 7 . The EL spectrum of the reference device without a DBR structure demonstrates a spectrally broad emission at the peak of 512 nm, and the full-width at half-maximum (FWHM) reaches 65 nm ( Figure 5 ). After depositing the DBR structure, based on the modeled EL spectrum for Device A, one cavity mode lies at 500 nm (FWHM 13 nm) and another lies at 588 nm (FWHM 16 nm) (Figure 7a) .
The modeled EL emission shows the coordinates of (0.37, 0.48), which is within that of a warm white color. To optimize the luminance from the perspective of design, the antinodes of the confined cavity field, at 500 and 588 nm, respectively, are placed near the interface between the NPB layer and Alq 3 layer, and excitons come into being around the interface [25, 26] . Additionally, Device B also exhibits a very narrow EL spectrum with three emission peaks (Figure 7b) .
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In conclusion, high-performance WOLEDs have been successfully made using the ALD fabricated microcavity structure to enhance the intensity of emission as well as to narrow the spectra in OLEDs at the same time. According to the result, the DBR structure helped to greatly modify the spectra as well as the intensity. The results indicate that the DBR layers can remarkably adjust the emission of OLEDs. Based on the DBR structure, a high CE of 29.4 cd A −1 and low V on of 2.6 V is demonstrated with narrowed FWHM and superb color stability over the working voltage of 5-13 V. The four-peak WOLED also yields a high color purity white emission when the luminance changes between 100 and 10,000 cd m −2 . From the viewpoint of commercial application, on the one hand, improving the strong color purity and, on the other hand, enhancing the intensity contribute to the attractive practical applications of WOLEDs in high-definition displays and lighting sources. Additionally, it is expected that this work will provide a new insight in achieving high-performance WOLEDs with a DBR structure fabricated by ALD.
